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OPTIC AL DFTECTiON OF DENTAL DISEASE USING 
POLARIZED LIGHT 

The United States Government has rights in this invention 
pursuant to Contract No. W-7405-ENG-48 between the United States 
Department of Energy and the University of California for the 
operation of Lawrence Livermore National Laboratory. 

5 BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to the detection of dental disease 
using polarized light by optically measuring the depolarization of 
incident light backscattered from dental tissues. 

10 Description of Related Art 

Dental caries, or tooth decay, is a pathological process of 
destruction of tooth structure by oral microorganisms, which can 
lead to tooth loss if untreated". In coronal caries, lesions begin in the 
eriamel and cause defmheralization of the enamel This 

15 demineralization changes the scattering properties of the enamel, 
resulting in chalky or "white spot" lesions visible when the caries 
occurs on smooth, unstained ertamel surfaces. If the carious lesion is 
. . detected before it reaches the dentin, remineralization is still 
possible. After the carious; lesion has reached dentin, however, 

20 infiamfnation of the pulp occurs, requiring a filling and leading to 
serious tooth decay and eventual tooth loss if untreated. Restorative 
dentistry is most effective When the progression of caries is detected 
early before it reaches the dentin. 

Current techniques for diagnosing caries are visual inspection, 

25 mechanical probing with a sharp dental explorer, and^adiographic 
imaging. The tooth can b^ tactilely and visually explored to 
determine the presence of indicators of tooth decay such as surface 
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irregularities, crevices, or discoloration. However, the practice oi 
probk-g Eii accessible tooth surfaces vvisn a sharp explorer iscorrr ^ 
under increased scrutiny since it can further dahiage ertamsf aireadv 
weakened by decay and may also cause cross-contamination s J!r: 
5 between teeth. As i tooth' '-decay primarily affects ihe region oJ 
calcium 'below tne tooth sm:'ace;d^^^^ 
damage occursint. tooth is very dihiaiit. 

6y tiie : time'carie's is evident under visual arid taitiie 
examination of the .ooih, the disease is usually hi an advanced stage, 

10 requiring a fiiiing and occasionally leading io tooth loss. As a 

consequence of conservative diagnoses and rrsaim&it, there are false 
positives leading to unnecessary drilling and placement of 
restorations in healthy veerh. currently there :s ho accurate device 
for determining whether restorations ar f in need of repi-aeemeht, 

15 resulting in enormous costs rrbia die urmecessary replacement of 
good restorations and corriplibauohs ouch as root canals from riot 
replacing defective cor agea restorations: - 

Radiography is often used for detection of cavities, since it 
provides integrated views of tooth structure thai in certain 

20 orientations can isblate carious iesions. Ihe Sensitivity of " ' ' 

radiographic systems, however/is limited by visible changes in film 
density, making identification of small carious or precarious regions 
difficult. Sirice'radiographs are two dimensional, precisely locating 
the position of such decay is impossible. Moreover, due to the 

25 orientation of the x-ray imaging, only interproximal lesions (between 
the teeth) are easily detected, while early occlusal lesiOns (fop Of the' 
tooth), are difficult to detect, in addition, radiography uses harmful 
ionizing radiation. 

Given the disadvantages of current detection tecluuques, a 

30 need exists for a device that provides We, early diagnosis i of caries. 

This invention applies trie technique of pbrarimeh-y to image daiial 
hard tissue and detect the presence of caries based On me 
depolarization of incident light. The invention also has the potential 
for detection of disease in bone. 

35 Polarimetry is a well-established tool for non-invasive 

material characterisation and involves comparison of the 
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po^izatic£,states ^^gh^efpr^an^^e^ |ight interacts w 5 j^ n . 
•^.m^erj^ 

i^gmg^f^ghly.^ scattering-media, such^s biological tissue,, has , ' 
been studied- T,he effect of scatterirtg_pn the ^Dl^zation state. of .... 
5 light has-been found to bf; useftJ, /^ii^ging;^ { ^face?o|t.-, , ■,. ■• . , ■.. ... , • 
^ .subsurface strucju^^ 

imaging of deep structure^S^-Row^ 

imaging ^a^^iol^gically. inspired, technique fp^ observation through 
scattering .media/'* Qptics Letters 20.:6q8-610 (4995), ,-Jt has also been 

10 shown, that the. scattering .parameters of turbid -tissue, including the 
scattering coefficient u $ .and, anisptcopy factor g, can be determined 
from diffusely sc^tter^.pcdarized) 1 igb^ ?> See Hielscher et : al., ... . 
"Dif/use backscattering Mueller, matrices of .highly scattering 
medial Optics Exp ress J^^IB;/ r ■ 

15 \ c t Polarimetry inay be .combined, w.ith, <\ secpnd method, optjcal 

coherence, domain /ef^ctometry,COGp^, which was developed, as a 
high resolution ranging technique for ch^pcterization of optical . . 
components and was based prtb^lk^optics^^e Youngquist et al., 
"Optical coherence-dom^nj reflectometry: a i>ew pptical gyaluation 

20 technique", Optics.Letters 12(3):158-160 (1987), The first fiber optic 
based OCDR system was. constructed by the.y.S. National Bureau of 
Standards fpr mi croroptic technology. See Danielson et al v "Guided- 
wave reflectometry with micrometer resolution", A pplie d O ptics 
26(14):2836-7842 (1987). 

25 M , . OCDR uses a low coherence Michelson interferometer to . 

probe the. sample, generating reflection signals as .a function of . 
dejith, When the probe beam is transyersed across, the sample, a 
series of axial scans can be stacked together to form a high-resolution 
two-dimensional, optical coherence, tomogram- See Jj.ee et al, 

30 'Trofilometry with. a coherence scanning microscope". A pplied 
Optics 29(26):3784-3788 (19?0) o Q ptical coherence Jpmpgraphy 
(OCT) was deyelpped to produce crpss-sectiqnal iinages. of biological 
microstructure by cpmbimng^^nsverse scanning with a fiber.ppti.c 
OCDR system. See Huang et al., "Optical Coherence .Tomography", 

35 Science 254:11784181 XfS, Patent No. 5321,501 discloses the 

general means for cpnstryctipn.pf an OCTsystem, specifically as it . 
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applies to OC I" Imaging of '.he eye for. diagnosis of-ocular diseases. 
U.S. Patent No. 5,459,570 discloses OCT inioging of bioiogicaFiissue; 
including measurement cf tissue optical properties and the use rf 
polarization sensitive OCT (PS CXT) to measure tissue -bireirmgence. 
5 These OCT devices provide irn?~i.ng in the gys-wd circulatory 

system. ... ■ • r-.. , T7Z17T^'..:. "' " 

PS-OCT Kir. ritec listen yr,ed for t ^as^rm^ire&^g?^. 
teeth in.an.u.n5uc;e?sfui attempt at caries detec^pn.^This.atternpt. 
wasurauccessfuL because caries causes light to beconm depolarized * 
10 by changing the scattering cipefficknt of the enarnej r?.ther than, 
significantly affecting the birefringence of the ena^eL See 
Btumgartner-efral.,- "Optical colv&;:enqe.tpTnp:?raphy.of; dental 
structures". Proc. SPIE :324ft: Lacexc,4n Dentistry. IV-, John D, 
Featherstone, Peter Rechir^r^.P^V-iel S; Fried, eds., pp. 130-1 36- 

15 (1998) ; ; S. . 

The application cf OCT f^r v5 ?r.tal applications was pioneered 
by the Urd versitycf CalifGTTO^a v l.d < Y.:enqe Livermcre National 
Laboratory. UvS. Patent No. 5>570.182 assigned to. the University of 
California, discloses the use of OCT fo; djagnosis.of dental caries 

20 and periodontal diseases. Co-pending U.S. patent application Serial 
No. 09/315,000, assigned to the same assignee describes a dental 
explorer device for detecting caries and periodontal disease using 
OCDR, and is incorporated herein by reference. In order for OCT to 
be practical and convenient for clinicians to use on. patients, an 

25 OCDR dental device was developed ir. the form of a hand-held, 
portable explorer tool for non-invasively probing teeth, and other 
dental tissues. The CCDR explorer was designed to. safely and 
accurately collect intraoral OCT images of dental tissue and 
microstructure in vivc for evaluation of dental health. 

30 The capabilities of the dental explorer device have been 

further expanded and improved in the present invention by the 
incorporation of polarization sensitive diagnostics. The invention 
uses PS-OCT to measure the depolarization of light associated with 
optical scattering, rather thr>n changes in polarization state associated 

35 with birefringence, te detect demineralizaticn and caries. Ey taking 
advantage of the ability of polarimetry tc both image tissue and 
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detect changes m its, scattering properties^ -a-jjowerfuj diagnostiotpol 
ha>baen developed for detection qicajiou? ^ions.. ,< >.wyi 
70 -v.: : SUMMARY OF THE INVEOTION ■ > i > 

■ : ' This indention provides an optical technique arid dental tool 

5 that use polarized light ib^avlyi^^i^M^W^&^ve-j ■■ • : 
diagnosis of the state and structure of hard bioTogTcaTfissues (e.g./. 
teeth arid tohe): TTii iriverttibhls^articu& of 
precrribus arid carious ; lesiorfsV and may 1 be usefu^r'evaluation of 
de'mal restof anchs." The method isbasiid^n optica%:detecting the 

10 change in polarization 6f the incident light backscattered from dental 
tissues. In particular', ^the' demlneralizatioh of -tooth enamel, that is 
the precursor to ca'rie% disease^noclifies the scattering properties of 
the tissue, resulting in depolarization of the incident light, which is 
then detectedby the optical imagfe.g sysleffi: • ; • ' ■ ■ ' 

15 In the present invention, the tooth (or other mineralized 

tissue) is irradiated v«*Ti poku TzcM l^ht'-having ' a selected or known 
polarization state/either circular; lii^&/V or alliptical Lighr •> 
bacKscattered from the tcovRls^hen analyzed u^ihg 6ptical^ - - 
polarimetry to determine i' ^degrec of polarization. The tooth can 

20 also be4rr^diated with multiple polarization states sequentially to 
differentiate betweeVi changes in'polarization state associated with > 
birefringence and depolarization. Depth-resolved images of the 
derninefalization of the eriatoelcan be obtained based on either the 
temporal or spatial coherence of the incident light by using optical 

25 coherence dorriain reflectdmetry Or corifOCal imaging, respectively/'" 
and incorporating polarirrfetry: 'Depth-resolved information about 
the depolarization is useful' as it enables identification of subsurface 
precarious and carious lesions and minimizes the effects of fresnel 
reflections from the front surface of the tooth; which can make the 

30 results more difficult to interpret. '• ' - r 

The polarization serfeirrv^ optical imaging system can > 
incorporate a dental explorer tool, which contains one or more 
optical fibers that independently couple^ight from the optical 
imaging system to the- tip of a tletital prefee. The probe is placed - 

35 agaihst the tooth (or hard tissue); *mct tight from the fiber at the tip of 
the probe is directed isfcforthe eft&ttel.'-- ^Thelight ^reflected or. - : ' ' 
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backscattered from the- tissue isrtheri coiiecied by an optical fiber and. 
delected by the opticar irnagihg feyste'm. In a preferred' embodiment, 
the polarized light is delivered and collected using a polarization, 
sensitive OCDR system, which prpyidejs a. single point profile of 
5 optical scattering {and thus tissue ^icr^rr lcture) sc-a fur.ciio.n of 

The OCDR-system consists oH light soui% split by a 
beamsplitter or fiber -ptic coupler into a sample, ar.— and.refe.reiii.%2 
arm. Reflected or- backscatt: redrlight from the ,tisGue is collected in 

10 the sample arm and detected by heterodyning with the lighl.in the 

reference 2rm. Only the photons in the, sample arm that -have 
traveled thie r.sme optical path length as the photons in the reference 
arm (within the coherence length of the source) generate a 
heterodyne signal. Thus, ; Jt»y v ^rylrig.the path length of the inference 

15 beam and recording the arr./fe;? of the heterodyne sig.-i-T-. iho 
OCDR system, measures, the. s<:a':teririg.'Joef!fjcient of the tissu? is a 
function of depth. By moving the dtntal fiobe tra^?\'erse!y &crr«ss 
the tissue, the diridan canobtain z\ r.sries of profiles ci tissue, 
microstructure. These profiles are combined tc form a rross- 

20 sectional, cr optical coherence tomography (OCT), image of "h ? 
region of interest in the ora! cavity. The polarization sensitive 
OCDR/OCT systems provide images of polarization state as a 
function of depth. 

The object of this invention is to provide a dental topi that 

25 uses the depolarization of incident light to detect changes in the 

tissue microstructure that are indicative of disease. Another object of 
the invention is to provide a dental tool that combines polarimetry 
and optical coherence domain reflectometry. It is further an object of 
this invention to combine polarimetry with optical coherence, 

30 tomography to generate depfivresolved images of the degree of 
polarization of light passing through tissue as a function of tissue 
depth. The invention uses VSOCT to measure the depolarization of 
light associated with optical scattering, rather than effects due to 
birefringence. This invention is particularly suited to detecting the 

35 demineralization of teeth associated with caries, and may be lisafu! 

for detecting demineralization of other mineralized tissues, such as 
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bone. Other, objects and advantages of the, present invention: vvilV :- j :j .^ 
become apparent from, the following description and accomoanying 
drawings, ;r . )M ,. - --- - ..^ .. ■., 

k- - BRIEF DESC^PTIQN QF, THE DRAWINGS 
5 The accompanying dra'c^ 

and form part of this disclosure, illustrate emb1o3iTn?nfs oFthe 
invention and together with Ig&dl-Sttipitettl se'rVe r tb lekpQiri +he 
principles of the invention." ? > • h^i ■• i; -i.^o .... ? • j 

: Figure 1 shows -a potarlmerr^ * 
10 present invention, .^'iv Ar< - : 

Figure 2 shows a polarization sensitive optical Imaging 
system using optical coherence ddmftih reflectometry with bulk ' 
optics. - • ••>: r>;.- .-.>• ?-*.i*o yyv ■• ; < : 

. Figure 3 shows a fiber optte ba;Sed polarization sensitive ' 
15 optical imiigmg .systtfrfruied iri 'the ^ys^fiJnverition. ' - "• ' ' ■■ 

Figure 4*hows an-^*ife^-.Aeiit^*Kart*4teld fiber optic" 
dental probe- accoidin^-ic-ik^ip^es^ihwiieon. : • 

Figure 5 shows an embodiment of- 2rioptical polarimetry 1 
imaging system used in the ■pre'sent invention. 
20 Figure 6 shows a pk>t'©t extinction ratio as a function of 

transverse position ^or deminerahzed tooth enamel and normal 
enamel. % v . - . : •• ■ <• 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention is a dental tool and optical method for 

25 detection of caries by 'measuring the depolarization of light 

backscattered from hare! dental tissue, such as enamel. Polarized 
light is directed at the dental tissue to be examined, and the light 
backscattered from the tissue is then collected and the change in its 
polarization state measured'. The polarizatioh state of the ' 

30 backscattered or reflected light can be analyzed either using optical 
polarimetric imaging techniques or using polarization sensitive 
optical coherence domain reflectomefry (P5-OCDR) and optical 
coherence tomography (PS-OCT) systems, which measure the 
depolarization as a function of tissue transverse position and depth. 

35 The light used for probing the dental tissue is in the visible or hear- 
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infrared (e.g., >700 run,, ilius avo'diiig ;ne ioni'dr.g rauiadon :.-^ed 
raaiography. 

The present i .:= venuon is particularly usef ul -or detecting 
precarious and car; >us lesions. Aa indicator of caries is 
5 deminerahzatiou or the enamel, w'. ich causes IcVse-angle scattering 
, and changes die Scattering r ">e{?idenc c$ &e cT3ffiSfe**THs scat tert^g" 
affects me polarization state of ihe :i .A. uiered^or refltcte:! back 
frorri the tooth. Specifically; light seafteird from normal enamel 
remains polarized, wnile light scatterad from dernirieralfzed ena.i;e.i 

10 becomes depolarized. The invention measures the polarization state, 
or amount Of depolarization, of the backscatiersd light, thereby 
detecting tine degree of derhmeraiization in the enamel. Opdcai.. 
polarimetry using a CCD camera arid polarizers is useful for 
imaging of surface caries and images a number '-of teeth 

15 simultaneously, while PS^OCDR or F*S-CCl' systems provide dep'lii 
resolution, improving the sc. isitiVity of the system 'to- canes and 
enabling identification of sub v^fface denur.e -alizaddh sites'. "Depth- 
resolved imaging can also be achieved through confocal imaging^ 
Confocal optical imaging systems are known in the art (e.g., sec U.S. 

20 Patent RE32,660 "to Lindow et ai). 

Figure 1 shows an embodiment of a polarirnetric imaging 
system used in accordance with the present invention. The sample 
10, such as a tooth, is illuminated by a low coherence light source 12 
followed by a polarizer 24, an optional wave plate 16, and a 

25 collirhating lens 18. The polarizer 14 and collimator 18 cause an 
incident beam of polarized light to be focused ort the sample 10, 
while the wave plate 16 makes the 'polarization state adjustable. The 
incident beam has a known polarization state. Any polarization 
state can be used: circularly polarized, elliptically polarized, cr 

30 linearly polarized. A series of different incident polarization states 
can also be used sequentially! The use of a series of polarization 
states makes it possible to discriminate the changes in polarization 
associated with depolarization from birefringence-induced 
polarization changes. 

35 The reflected scattered light from the illuminated sample 10 

passes through a wave plate 20 and polarizer 22, and then is imaged 
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onto- a^/ietectoi; 24, s«ch as a CCEl camera pr photodetector . An. ., . 
optional optical bandpass filter 26 may be inserted after the polarizer 
22, a&shown. The bandpass filteij 26 is used to select the wavelength 
band for optimum discrimination between normal enamel^ and . 
5 carious; lesions. Tiie,. polar jz^/^ye plate rombj^a^on sejects the : 
appr,Qpna,te J p.crfari^Rn §ta.teg Jq^:#|?c^x^^^;e!^ : 2^ r ; ... 

polarizer ,22 in front .of the Rector 2£ oriented- tq pass^prizpntally 
jK?U"-f ized \k&h and - once with {he ,pol arj ?er 22 passing vertically ... 

1 0 polarized light The two polarization stages , could .also be measured 
simultaneously, using two detectors or CCD cameras. , The two ... 
images are processed by an anal^er ^; which includes a computer, 
A third irrtage is.genefate4.by.th.e analyzer 2jB, which displays the 
amount of depolarization occur ring ?X; ea.ch Jobation on the surface of 

15 e£|cfe sample., by ta^&J%£a,tiaa^ 

of the,twGrjrnages (for jx$\?nc?., $e.difie|enjce of trje twp irnages over 
tfte.sum of .the two images . .tf ^e^^i%HjL^mir^ted sequentially rj 
with a series of pplarizarion.sta tes^ thls Process ,would, be .repeated . 
for„e§ch incident r^ar.iaati9^t3^ : 3nd,the.der^larization is 

20 determined based on all of the images.. These measurements are 
ratiometriq and; thus should be.relatively unaffectedly 
environmental factors such as changes in the light intensity. Such a 
system is easity incorporated inta,a; camera system designed for the 
oral cavity., r , ; : , Pf 0 . . ; v ,„-.-, 

25 This.polarimetric imaging system can detect demineralized 

enamel at the surface. of a sample tooth. In some cases, the.enamel at 
4he surface remineralizes as the caries progresses into the. tooth ... 
towards the dentin, which reduces surface, effects of the lesion. X- 
ray radiography, which uses har.mfjijL tonizing radiation, is currently 

30 the only available technique for, detecting these subsurf ace.iesionS:. 

The polarimetric te<^q^epf^.p/^s^f _inv^ritiqn^ when combined 
with- depth-resolved imaging techniques^such as . optical coherence 
domain reflectometry (Q^DK]h^j^^^^^^:tom^rapliy 
(OCT) or confocal imaging, can also detect these subsurface caries, 

35 : Figure 2 shows an err^odiment of a polarimetric,, depth- 

resolved optical imaging, system^based on PCDR/OCJ using bulk 
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oprics. Triij system has a a; 3 hl tiiar produced an hvSdxru 

beam of light :hat L coiiiiiialid i\snig optics 32 and polarized by «•' 
polari-tar 34. The source i<0 is typically a broad bandwidth (on the 
order of 50 run) amplified jp: .:*.aiieou;; emission (ASE) source 1 sudi 
5 as £ superiuminesceiit di«»de or A.JL sourte operating -in -the - 
, ^ visible or rear infrared. I'n« f.vlw.^ki : ighl*fS*Sp < ifrtJy aTndh- • 
polarizing beaiTisp.Utier 26 ii/o a iefeitgra arm 38 and a sample aim 
40 of a MicneJcon intf.rre::f uieter. Ti-e sample beam may pass 
through a wave piate i2 ana op lies before iliuiniriatirig the area Df 

10 interest on tne sample 46. The (*<*•".? piate 42 (or Retardation piave; in 
the sample arm 40 controi'j .lie state or polarization of the light . 
incident on the sample 46 and mnkes it possible to illuminate the 
sample with a series of diffeie-.it poki-v^bou states sequentially. 

The reference aim 5G provides a variable Optical delay. The 

15 reference oeam is directed a « . vc-i' ■..■.trice mlrioi 48, which is 

translated in the direction or i^aui ^ >.../.. agation to vary the path 
length. The reflected rro».\ die reference rnL-ror 48 and the 
backscattered hght from the sample Go uib recombined by the 
beamsplitter 36. A polarizing cube (ox beamsplitter) 50 splits the 

20 recombined beam into its horizontal and vertical poiarization 

components, which are then focused by optics 52 and coupled by 
single mode fibers onto two photodeiectors 54. A quarter- wave 
plate 56 set at 22.5° to the horizontal in the reference "arm 38 rotates 
the linear polarization of the returning light by 45° sueh'Uhaf it is • 

25 split evenly between the two detectors 54.' This quarter-^ave^plate 
could be replaced with any polarizing optic which causes' equal ° 
amounts of light to be hi the vertical and horizontal polarization 
states. 

The information recorded by the detectors 54 is then 
30 processed by an analyzer 62. Depolarization is quantified by the 
analyzer by measuring the relative interisities of the heterodyned 
signals in the two orthogonal polarisation states. Backscattered light 
from the tissue is collected in tfii. sample arm and measured as a 
function of depth in the tissue by varying the reference arm path 
35 length while the measuring the heterodyne signal. A heterodyne 

signal is generated when the light in the sample arm has traveled the 
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saroe-pptjcal p^thflejr^tH ^s $<$ght^he re/ere^ arnj . wit Wn^?. 
coherence length of ti^ spur.ce. ,Thys; .^y r y^yjng th? path length pf 
the reference beam and recording the amplitude of the heterodyne 
signal on eachdetector as ir a. function pf,path length, theOCDR 
5 system measures the amoju^ pf backsca ttered from the tissue 

and its. polariz^tion : stajG,as ( a itjp^tion . of ftansj^e^ositipn and _ . ,. 

depth,,-. ■. , h - .r.::,: v. wt'y , _jn: •.>: -It.. V ' 

, Adding transverse scanning to tJ^ 0 s^mple arm results in a 
polarization-sensitive OCT system, generating ^wo-dimensiona| . .. . 

10 cross-sectional maps of the poJxuization state, of the ligty within the 

sample. .Aperies of one-dimensipnal scans are combined to create; 
two-dimensional intensity and polarization plots. The acquisition 
times f or crpss-^ecjfcipnal images -a/e less than one minute, and ...... 

typically on {he order pf. second^ Jhjs approach provides depth- 

15 resolved, irjfprmatipn ab put deppl&r.iza jipa aj}d therefore, facilitates 
the identification pf subsurface, .sites pi derealization. Transverse 
scanning, mechanisms ace. described^ cc^p^nding JJ.S, patent ^ 
application; Ha/ul-Held, Dent«$ paging Qeyice. Serial No, 
60/11^885, co-assigned %the, same assignee, which is incorporated 

20 herein hy reference. t, Vl . . 

... An alternative embpdimentof the polarization sensitive 
OCDR/OCT system would eliminate the axial scanning,, and instead 
simply modulate the pathlength pf the reference arm a distance on 
the order of a ,few microns or less. This system, would then measure 

25 the depolarization of the incident lightbackscattered from a fixed 
depth in the tissue. . .., , . ; .... . 

The OCDR/OCT system desp ribed above for Figure 2. is a 
bulk optic system and therefore not easily deployable for in vivo use 
in a dental office. A more practical system offers ease pf use and 

30 portability, such as a fiber optic based system. A fiber optic 
pola^zatioas^mitive.p9P^QCJ £ S)retew; fojlows, the ..sajne 
■ ,, principles as.the system shown.in Hgufe 2, but using polarization 
maintaining (PM) fibers and xeplacmg mo^pf the bulk optic . 
components with in-line fiber optic components. r 

35 - ,.. Figure 3 shows a diagranvpi a fiber optic based pplarization- 

sensitive OCDR/CXTT system suitable for in vivo measurements. The 
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bjtik opdcpoicriae-rs and oeanispliittr sncwn in i : iguit 2 are 
replaced : va'th art inline fiba optic coupler or bearnspLinei and in-' 
line polarizers, and the free.space between the components replaced 
with PM optical fib^r j£. reference arm length can be varied 
5 with a retro-reflector (or mirror) 60 -Iriven by a galvanometer. The 
detectors, wave plates, arid Voi* ! .; l..ng ' je^feTiiawr ihe^ame *5":r"~ 
Figure 2. -Tilr ■sigitLLcziiz ^gsavrAtf .equn-eti 'is the coupimg of 
light from cr^e reference arm fiber cn:o die reiro-reFlecio; JO and then 
back ir;to tl:i fiber. Evert tl^ buix optic reference arm can be 

10 eliminated by using a - k , ^oelectric iraiisduce'r system to vary hie 
length of the reference ar m fibe? and /or the sarnpie'arhV Tiber; = - 
TIiS fiber optic bused ayste.jf ensuf es that ihe detectors 34 
collecting the two polarization scates are "always identically aligned 
for the light reflected from iiw i^fL-Aence arm ana the sample ami, 

15 greatly enhancing the reliubii..;y and .>ase of use of the system. In 
addition to improving the reiiaouiity of ihe sysiem, thess changes 
make it possible ic use the ofittwi for in vivo measurements, as it is 
possible to use an optical fiber to pi jbe u ,e oral cavity. 

Figure 4 shews an enfbodimehc of a hand-held fiber optic 

20 dental probe according to the present invention. The probe 

incorporates an optical fiber that couples io an imaging system, such 
as a polarimetric imaging system as shown in Figure 1 having 
polarizers and a GCD camera. Alternatively, the dental probe 
optical fiber is the sample arm coupled to a PS-OCDR/' OCT system, 

25 as shown in Figures 2-3. The CCDR/OCT system provides depth- 
resolved detection of diseased (e.g., carious) lesions wherever =the tip 
of the probe touches the sample tissue (e.g. . a tooth). This fiber optic 
probe for in vivo diagnosis of caries resembles a dental explorer, a 
device familiar to dental ciiniciaris. 

30 The device 70 comprises a hand-held portion 72 so that the 

operator can manually maxupuiaie the device, and a probe portion 
74 that can be easily inserted into a patient' s rnouth. The device cdx 
be designed so that the probe is manipulated rcbotically or rembteiy, 
in which case a handle for an operator is unnecessary. The shape of 

35 the probe portion 74 is designed to comfortably access as much of 
the oral cavity as possible, and thus may be curved or angled like a 
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conventional dentd explore?- so tfoaiJ&e- .tip. :7&pf- tJ^.p&obe seacheso 
the posterior portions o£the-4e^tal ^^^ . vrhq;bends or curves V%:> ; 
the probe and. optical fiber are limited by. the radius ; of curvature at ; 
which significant amount?, ofjligh^escapp , f rgjn-9jgvf iber-, typical > , • 
5 approximately ,0^ cm. ,, ,,• n-ythb 00 i-<x\-r: v?> icjuer -If 

l i ; . The deyi.ce7p.cQRj|r-^ r-;Yr~'~' 
rnaintajyning (PM)^r#i(^^^^ 'light 
from an imaging systemSgtRthe tip. 76 of-fre; explore^ devHcem^ 
Light is emitted from, the itip 7(nof thfHd^Mic%7P ;fromi^/distal end . 

10 of the fiber 73. Arvoptionai rajniatjure v^aye^^e.can ^attached to 
the end of the fiber ;fo £ayse the linearly fjo.lari^edhghji frorn.the , , . 
fiber io become cir ; cu}arly..pqlari^e^ ; ^h^rP^'Y^y' a .polarisation 
maintairung.(Pty)>oj$^ the fiber-ca^be.' 

rotated or Jwistedrtpfyar-tf,^^^ 

15 effected by manually rotating, the expires device or by mechanical 
means within the expjorer,,^ • y\?hen- the 

imaging systerrj is^QC^R/,OC^^t^^4sy^is^ty^ as.an-,- 
extension of the sample. ar^, anj\^ 

resolved detection of carjqu?;. lesions wherever the^tip of the qxplorer 

20 device touches a troth-;^ > v ,„ yf: , ,-•>.-■ ..b^ ^; ...j 

, . Although a single optica,! fiber device is- described in detail, 
the present invention can readily be modified to accommodate a 
multi-fiber bundle, and thus references to a single fiber also extend 
to the useof a plurality of fibers.. In a multMiber probe, the light 

25 from the tip of the device is emitted from the distal end of a plurality 
of fibers. The fiber optic bundle is> connected to an optica^ switch 82 
jor optical multiplexer, \yhieh, is used to switch light between the 
fibers in the bundle. The optical switc>§2 js connected to the 
imaging system 80. Alternativelyr.each fiber is connected to separate 

30 imaging systems 80. r. ■>■.■. ' : ;r>-- ' o v : 

...... The probe light emjtted / rorn th§ distal end of the fiber 78 is . 

emitted from the tip .76 of the explorer, device 70 and .directed at or v 
into, the hard -tissue, jsuch as; ename^ at the appropriate location. ;-The 
probe tip 76 may be placed next to a tooth, or slipped, between a 

35 tooth and periodontal tissue;. ; The spot size is typically less than.50 
um, and can be on the order of .5 urn, -The distal end.pl the, fiber, is, 
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cut :K:df:*j± polished ar.an i.c.&n, ty-v.'^r.v app.tcxi^/itei; ' JO -de; 
to-.eliiiiirtcite L>ack:«flection^.Thi^-ght. can_a.l?o.b.e, dk£.;t£rfiQ Cj©. : - 
tissue through. the sid-i-cf th^fiber-h^dfjohc by angle polishing the 
fiber tip at a steeper a: <r. T .vi.; : ., re.. - 4> degrees, and thervcoa ting. the 
polished surface. v/Uh - ..vnetvl ::ur>. . i.v-'uir-rri. Th? probe light, 
wJrich.wouM i\a:«e ■! e>.n emit* .1 •; v ' - -;:\d !HHJ^^Sfe«r T^.is ther - 
reflected; Lhui- fr;^?;- r/tr.'~,;'f.;.- . f ".o .! \fiber Up ir^.toad^f in , 
front of it. 

•.••^'teriative'y, ih»Jig!:V.Eji..y be focused using one or more 
small dfmneier (e.g... rrilliraeier or submiUimrner) ^pticahekmrrcts o:- 
optics, s".-.chas gradient index <G\ IM);k:v>es. .mirrors, or prisms. Th<? 
focusing/ ;ollection opvics array be ~<c.--.'ted cr attached directly tc 
the end of the PM fiber, or the light may travel through fro? cp.?.ce 
from the PM fiber to the ope. r ] . : ■'. . is mqurvted'to the ^r.d of the 
fiber, an index snatching .1?,. vric : oie .hi;- spoxy may be placed at 
the fiber/lens interface >o .-«£■ = .:Lv»ct!ve index -■ jnism.itah.iand 

reflections.- .,- .- v; ; .; .v^'v;-. .. • . 

The probe can beransSructed to diee'st the polarized light at 
any angle or angles relative to .the tip. Fc r c»;;anr*ple> in a "forward-, 
firing" device, the light is emitted subct: :.r=.t.i:.il.Iy parallel to the fiber, 
from tlie very tip of the probe portion .'Alternatively, the device car 
be "side-firing", where the ' ; .ght is emitted from the side of the tip. 
The light may be redirected or, focused to the appropriate location by 
angle-polishing the end of the fiber or by using small (§uh>millimeter 
diameter) focusing /collection optics, such as a GRIN lens and /or a 
prism. The optics may be attached directly to the PM f^ber using an 
index-matching epoxy. The device tip can also be designed to : 
permit light to be emitted from one or more PM fibers in one or . 
more directions at tlie tip or through a plurality of openings or .... 
transparent areas at or near the tip. . 

The fiber and focusing/' co?ioction optics are preferably 
internal to the handle and probe portions of the explorer device. The 
probe portion may be a small diameter hollow tube, tapering. Klce a 
needle at the tip. The light emitted from the end of the fiber may 
pass through an uncovered opeiun&at or near the tip of the device, 
or through an opening covered by a window of transparent mated?!, 
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a&&Z£8p 'or pr^pM^to-mityiiq madfe of a tr&nspapenimaterial.^ .? 
Since r&e^ij^f ^ andifiuids? 
thetip or ptobe 1 portion mtasr^ detachable and 5 disposable, or' 
capafele'bfcbemg &e*iliz^d.^itateem^ 
5 tip include 'glass and m&&lt& £Jtiraeativ'2iy> a trajsisparent^teiilized, • 
, disposable^cover p& et? for fcy gi lit , piloses «3irbe^>hioed over fee • 
tip of the ptdt^'p^mt^f^ iifcaatioafciftto: %ip3trentt.s &r,al . ■ ■ ■» 
cavity. ; ' 

Go-pending U.S. pat€W ? «pplacmit>hi 'Dental Optical Coherence 
10 Domain Refiectosnetry Explb^JSeriai^No.Oa/^l^OOO, assigsrad to - 
the same assignee; is iricoffp&iatedlHei ehvby reference and illustrates 
various embodiments of ^the p: aba portion of a fiber optk dental 
explorer device. ' - ■■■ ■ { - ^8" • ' • ' •■ ' 

-Mterthe polarized i&tirMru Jeanaiknteifacrs with the sample,; 
15 (eig./toofh); the light -reflects^ or tuckacatteRBdiirom the tissue is - 
then collested-by thersarfteoptis.'ab^iiirund detected by the\iroaging 
system 80. The information, i.e., the amount of depolarization, is 
then 'processed by an anaiyfc^84;JIo>serve as a tookfor clinicians, 
the images processed by tfh^dnaiyzertmay be.displayed on a video 
20 display 'monitor 86 for visifi& inspection- Alternatively, the analyzer 
84may be programmed to feend'a signal when the depolarization of 
the illuminated tissue is withifn a selected range of values to alert the 
clinician* that diseased tissue may be present For example, the 
signal couid be auditory > such as a series xif beeps, or in the form of a 
25 visual display^ - - •- -•'- r 

, If the imaging system i3 anOGDR system, each measurement 
provides a single point profile of optical scattering and polarization 
state as a function of depth. ; By moving or dragging the dental probe 
transversely in One direction across a tooth or. omen tissue, a, series of 
30 profiles of tissue microstructure are generated.: The collected one- 
dimensional scans are combined by the.amalyzer to form a depth- 
tesolved, two-dimensional, cress-sectional OCT image of the 
polarization state of light backscattered from ihe tooth,- 
EXAMPLE I "■ >-•;"-■ - '■ ■■ •-' - 
35 A prototype optical polarimetry system as shown in Figure 5 

was built and tested to detect caries using, the; polarization state of 
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light rDackscattered frsin;or;;y^d The ahercpupte:'- scarce is., 
indicated at 90. lenses are indicated l.ai 92, polarizers are indicated at 
94; the sample is indicated. at 916, .a half^vyave plate is indicated at 98, 
the beamsplitter is . indicated: at 100. the: detector is indicated at,10?, 
5 and-.the.aralyzer;to procesif the .da><md -asss oqated.4rriages is. 
^ ^ indicated at 104., The source was a hoii'cvnt^rp^rized . ,, vr~ — 
superlu7Finescenhd ; Qdr. r>>e;:aun_ it a. ranter wayeien.yth oM310 
nm, with a spectral band cf 47 nm. The sample consisted of two 
juxtaposed. 5 mm .wide blor'rr. 2 porcine en?me!, one of z\ was 

10 artificially . demineralized using an :cid bath The two blocks <y,ere 
oriented at 20 degrees to the normal in the vertical plane to eliminate 
specular .reflections. The sample was. scanned transversely across She 
incident beam from nqrmai c va^ir! s jrfr.ee to the iemineralized 
area. ■■ , .. • • . :u ; • . . ... . . ....... . 

15 Depolarization of the ;ca^ed light v/as quanu.. Iby the 

extinction ratio of the reb/riv? : :.Ltensiti- ; s of vertically and - 
horizontally polarized sea' t?> light. F;g«Te 6 shows the extinction 
ratio ac a function of transverse position: the ratio of horizontally 
versus vertically polarized light scattered from the demineralized 

20 region of the enamel was appr oxima iery naif that Of the ra vib for the 
normal enamel. This data demonstrates that the polarization state of 
scattered light is an indicator of demiheraiizatibh^a^e in enamel. 
EXAMPLE n 

A bulk optic polarization-sensitive OCT (PS-OCT) system as 
25 shown in Figure 2 was built and tested to generate cross-sectional 
images of carious lesions. The PS-OCT system used a 15 mW 
superluminescent diode source operating at a center wavelength of 
1310 nm, with a spectral bandwidth of 47 nm (FWHM) which was 
passed through a polarizer, providing 7.5 mW of horizontally 
30 polarized light. By measuring the ratio of the heterodyned signals as 
a function of depth in the sample, a longitudinal OCDR signal was 
obtained. 

The sample was scam.ed transversely across the incident 
beam from the normal enamel surface to the demineralized area, and 
35 the longitudinal scans at each transverse position were combined to 
generate a two-dimensional OCT map of the polarization state of the 
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., returning hghf; ^T^^tV/^nef^dyne^&lgfiai^en R isk toe ^c^rted' 
ifo generate i ; -p61aKzadoh^ite^iyifa^ein^hsity map: 'The data- " 
showed thatalthdugh 0TeMcKscatteri:iglrilensit>- was only slightly 
affected by the dernihef alizatidn, the polarizalfibh state of the 

5 scattered light dearly delineated *he-norn,dl enamel from the Carious 
— region due to Qep^ariz^Gi^ hofU ^v/v:.r^^;^, \ 

the pbla'rizMoh^msttiVeOTI 4 sys3&^ w\i!? applied to"-""" 
scanning extracted human teeth containirig rtatui ally occurring 
cariov ■ lesions in the enamel/ The images : ^en'era ted werVeompared 

10 to MsfolGgiearsections of che" relevant areas oS the tooih: The Carious 
enamel was clearly delineated by the polarization state of the •••ss 
scattered lighf. ' Both me ftistotogy and the polarization image 
showed derninef aliz^d enamel Mvthe* sa?rie fegions. Vertical stripes 
seen in the images in the normal enamel are caused by birefringence 

15 in the tooh . osociatedwirn the-'pVoo&Kfcltf propagating •«•' '• 
perpendicular td the crystal a^esOf vRe%namei. "These results ■'■ 
indicated that polarizatiotilmages' in WOCT provide accurate 
information for detection B caribusleslbris. l ' "• s «-r • . 

» The foregoing description of, preferred embodiments of the ....... 

20 invention is presented for purposes of illustration and description 
and is not intended to be exhaustive 05 to limit the invention to the 
precise form disclosed. Many modifications and variations are 
possible in light of the above teaching. . : • . , -\; 
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" • -THE It ME NTION CLA:.JVfcD I5 • 

1. A polarization sensitive optical imaging system for 
examining a dental tissue or interest, comprising: 

a source of polarized light; 

mean? for directing an incident beam of polarized light 
having a known polarization s^ate at the dental tissue; 

means for collecting light backscaitered from the dental tissue; 

and 

means fci measuring t'ae- ; ie:>yc''j-'nf-depola/i'ii'.ijcr •.-»:? 'he 
backscattered light. 

2. The system as recited in-Ciafe?. *>" fur' her comprising 
means to vary the polarization state of the incident light so that a 
plurality of sequential beams of incident 'light having different 
polarization states can be directed at the dental tissue. 

3. The system as recited in Claim 2, wherein the means to 
vary the polarization is selected from the group consisting of a wave 
plate and a polarization maintaining optica! fiber. ' 

4. The system as recited in Claim 1, further comprising 
means for measuring polarization as a function Of depth in the 
dental tissue. 

5. The system as recited in Claim 4, wherein the means for 
measuring depth comprises an optical coherence tomography 
system. 

6. The system as recited in Claim 4, v/hereir. the mean?' for : 
measuring depth comprises a confocal imaging system. 
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7. The system as recited in Claim 1, further comprising 
means for measuring polarization at one or more selected points on 
the dental tissue. 

8. The system as recited in Claim 7, wherein the means for 
measuring at the selected points comprises an j^tkaUoherence v 
domain reflectomejry. system^ : , . r/ ... . { . r ... 

9. The system as recited in Claim 1, further comprising an 
optical coherence domain reflectometry system. ^ 

10. The system as recited in Claim t'wrier'eih the means for 
measuring the degree" o'f* pblaHza'tibn'tompPises a polarifnetf y 
system. 

11. The system as recited in Claim 1, wherein the means for 
directing the incident beam cc^pfiS«s»aPQpUcal fibe*,; 

12. The system as recited in Claim 1, wherein the means for 
collecting the backscattered light comprises aaoptical -fiber. 

■ ■ . ■ W:~>ni :i; • ■■■ : '\ - ':'•<: ■■• : 

13. The system as recjited in Cl^im 1, wherein the means for 

directing the incident beam ancj the means for collecting the 
backscattered light comprise a single optical fiber. 

14. The system as recited in Claim 1, wherein the means for 
directing the incident beam and the means for collecting the 
backscattered light comprise a plurality of optical fibers. 

15. The system a> recited in Clairn 1, wherein the means for 
directing the incident beam comprises means for directing the 
incident light in a plurality of directions. 

16. Jhe system asrecitec! in Claim 1, wherein the means for 
directing the incident light and the means for collecting the 
backscattered light comprise an optical fiber and a dental probe 
containing the optical fiber, wherein the probe is capable of being 
inserted into an oral cavity, a v : • 
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17. The system as recited in Claim 1, wherein the polarization 
state of the incident beam is selected from the group consisting of 
circularly polarized, elliptically polarized, and linearly polarized. 

18. The system as recited in Claim 1, wherein the polarization 
state of the backscattered light is depclarize^ceJa^we tothe incident 
light, and further- comprising an analyzer tfi at determines the 
amount of depolarization, y/he.:ein the -analyzer-is opeiably 
connected to the means for me curing the depolarization. 

19. The system as recited in Claim 18, wherein the analyzer 
sends a signal to a system user when the amount of depolarization is 
within a selected range of values?- . . ; . : ... z 

20. The system as recited in Claim 18, wherein the analyzer 
generates an image of depohiiz?. c ;ion as a function of depth in the 
dental tissue; . r0 - 

21. The system as recited in Claim 18, wherein the analyzer 
generates an image of depolarization, as a function of transverse 
position on the dental tissue. 

22. The system as recited in Claim 18, wherein the analyzer 
generates an image 1 of depolarization as a function of depth and 
transverse position of the tissue. ; , : , 

23. The system as red ted in Claim 1, f urther comprising 
means to scan the incident beam ov?r the denta! tissue. 

24. The system as recited in Claim 1, wherein the dental tissue 
comprises a tooth. :■• 

25. A method for examining a dental tissue of interest using a 
polarization sensitive optical imaging system, comprising: 

directing an incident beam cf polarized light having a known 
polarization state at the dental; tissue; - ; 

collecting light backscattered from the dental tissue; and 
measuring the degree of depolarization of the backscattered 

light. 
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26, The method as recited in Claim 25, further comprising 
sequentially directirtga plurality of beams of incident light having 
different polarization states at the dental tissue/ 

27. The method is recited in Claim 25, further comprising 
measuring dgpolariza^n as a t function of depth" in^ne dental tissue. 

28: Tlie method as^ rVkitebV in Claim 27> wherein measuring 
depolarization aS a : iiifrctie>ri oi ^ depWii earried out by optical 
coherence tomography. iVv .. .,. r 

*' 29; The method 1 as' Tecited iriCMm'27^wherdrV : rnsasuriftg^- 
depolarization as a function of deptlvis carried out by ccnfocal 
imaging. , . 

{i 1 : 3D. The method as recited 'in Cfeim' 25, further comprising • 
measuring depolarization at one or more selected pointson the 
dental tissue. . ... ,, ,. 

31: The methodFas recited in Claim 3D, wherein measuring 
depolarization at the selected points is carried out by optical 
coherence domain reflectometry • 

32. The method as recited in Claim 25, wherein measuring the 
degree of polarization is carried out by polarimetry. 

33. The method- as recited in Claim 25, further comprising 
generating ah image of depolari^afioh as a function of transverse 
position on the dental tissue. 

34. The method as recited in Claim 25, wherein directing the 
incident beam and collecting the backscattered light is carried out by 
at least one optical fiber. ~ ' . . . ......... 

' •- • 35. the method as recited ift Claim 25, wherein directing the 
incident beam comprises directing the incident light in a plurality of 
directions. ' : ; - : "-' 
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36. The method as recited in Claim 25, wherein directing the 
incident light and collecting the backscattered light is carried out by 
using at least one optical fiber and a dental probe containing the 
optical fiber, wherein the probe is capable of being inserted ih.o an 
oral cavity. 

37. The method , :»s recited in Claim 25, y. herein the iruideni 
light has a polarization ytate selected from ihe 'group' cuiisistmg of 
circularly polarized, eliiptically polarized, and iinearlv polarized. 

38. The method as rocited in Claim 25, further comprising 
analyzing the polarization state of the backscattered light relative to 
the incident light to determine >he amount of depolarization. 

39. The method as recited in 0.ai>n 38, further comprising 
sending a signal to a system user when the amount of depolarization 
is within a selected range of values. 

40. The method as recited in Claim 25, further comprising 
generating an image of depolarization as a function of depth in the 
dental tissue. 

41. The method as recited in Claim 25, further comprising 
generating an image of depolarization as a function of depth and 
transverse position of the tissue. 

42. The method as recited in Claim 25, further comprising 
scanning the incident beam over the dental tissue. 

43. The method as recited in Claim 25, wherein the dental 
tissue comprises a tooth. 
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A polarization sensitive optical imaging .. 
system is used to detect changes in polarija- :; 
tion in dental, tissues" to aid the diagnosis of . 
dental disease such as caries. The degree of 
depolarization is measirred^by illuminating the ' 
dental tissue with polarized' light and measuring 
the polarization state of the backscattered light. 
The polararization state of this reflected light is 
analyzed using optical polimetric imaging tech- 
niques. A hand-held fiber optic. dental probe is 
used in vivo to direct the incident beam to the 
dental tissue and collect the reflected light To 
provide depth-resolved characterization of the 
dental tissue, the polarization diagnostics may 
be incorporated into optical coherence domain 
reflectometry and optical coherence' tomography 
(OCDR/OCT) systems, which enables identifi- 
cation of subsurface depolarization sites associ- 
ated with demineralization of enamel or bone. 
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